This review comprises the preparation, properties and heterogeneous photocatalytic applications of TiO 2 immobilized on carbon materials derived from earth-abundant, renewable and biodegradable agricultural residues and sea food waste resources. The overview provides key scientific insights into widely used TiO 2 supported on carbonaceous materials emanating from biopolymeric materials such as lignin, cellulose, cellulose acetate, bacterial cellulose, bamboo, wood, starch, chitosan and agricultural residues (biochar, charcoal, activated carbon and their magnetic forms, coal fly ash) or seafood wastes namely eggshell, clamshell and fish scales; materials that serve as a support/template for TiO 2 . Heightened awareness and future inspirational developments for the valorisation of various forms of carbonaceous functional materials is the main objective. This appraisal abridges various strategies available to upgrade renewable carbon-based feedstock via the generation of sustainable TiO 2 /carbon functional materials and provides remarks on their future prospects. Hopefully, this will stimulate the development of efficient and novel composite photocatalysts and engender the necessary knowledge base for further advancements in greener photocatalytic technologies.
Introduction
The use of relatively non-toxic and earth-abundant local materials in chemical conversion is a prerequisite for the development of any sustainable process. Titanium dioxide
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(TiO 2 ) is one of the most commonly used photocatalysts and carbon can be accessed from a wide variety of waste resources. Carbon-based materials have been utilized in environmental remediation and now making inroads into an emerging and conceptually new area of photocatalytic materials; their unique features need to be exploited for larger scale industrial use. While tremendous progress has been made in the syntheses of porous carbon-based materials with varying structure-types, challenging opportunities remain for the functionalization of these materials in terms of the optimization of their properties for specific applications namely separation science, filtration devices, photocatalyst supports and energy storage. [1] [2] [3] When compared to conventional resources, carbon materials possess outstanding properties such as hydrophobic surfaces, high surface area, large pore volume, chemical inertness, good thermal and mechanical stability, easy handling and low cost of manufacture, that will enable their enhanced use in energyconversion and storage. [1] [2] [3] [4] The synergistic effects of TiO 2 with carbon materials bearing enhanced multi-functionalities for use in heterogeneous photocatalysis, energy-storage, and solar cell applications, renders TiO 2 immobilized on porous carbon as a valuable material. In the area of environmental remediation, carbon materials offer a great potential for the efficient removal of pollutants in water and air, 5, 6 as has been demonstrated by emerging heterogeneous photocatalysis as an alternative economical and benign technology for the purification of water and air. 7, 8 From a practical point of view, alternative photocatalytic materials that can match the TiO 2 profile, namely versatility, inexpensiveness and abundance, and a non-toxic nature are hard to find. However, TiO 2 still has some shortcomings which prevent its widespread usage. First, the large band gap energy of TiO 2 (3.2 eV) limits its use exclusively to the ultraviolet region of the solar spectrum which accounts for only a very small fraction of the solar energy (about 3-5%). [9] [10] [11] [12] [13] Second is the need to support nanostructured titania for better filtration and material recovery. Although a significant amount of research has been conducted on TiO 2 photocatalysis at the laboratory scale its application on an industrial scale is limited, which needs to be addressed. To overcome the severe drawbacks of the most stable photocatalyst, TiO 2 , namely its low efficiency, narrow light-response range and material recycling, many strategies have been developed via modification to acquire multifunctional materials that increase its photocatalytic activity for organic pollutant treatment; 14, 15 comprehensive articles have documented these advancements in the field of TiO 2 -based photocatalysts [3] [4] [5] [6] [7] [8] [9] 16, 17 and especially the use of carbon as a support for TiO 2 .
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Petroleum-derived polymers, when used as a support for TiO 2 (e.g. high-density polyethylene (HDPE), 23 polyaniline (PANI), 24 resorcinol-formaldehyde (RF) 25 ), have drawbacks such as nonrenewability, higher costs, and additional contribution to pollution. 26 Faced with such a dilemma, more and more attention has been paid to the development and application of natural materials as a support for TiO 2 . In the context of green chemistry, natural renewable materials such as lignocelluloses and raw biomass are especially attractive for their unique physicochemical properties such as good electrical conductivity, higher surface area and excellent chemical stability. [27] [28] [29] [30] We expect that such a comprehensive and critical review will provide key scientific insights into TiO 2 /carbon materials derived from renewable and biodegradable resources emanating from biopolymeric materials such as lignin, cellulose, cellulose acetate, bacterial cellulose, bamboo, wood, starch, chitosan and agricultural residues (biochar, charcoal, activated carbon and their magnetic forms, coal fly ash) or seafood wastes (namely eggshell, clamshell and fish scales); materials that serve as a support/template for TiO 2 . A keen awareness of future inspirational developments for the valorisation of various forms of carbonaceous functional materials is another objective. This review abridges different approaches or/and strategies which have been reported so far to upgrade renewable carbon-based feedstocks via the preparation of sustainable TiO 2 /carbon functional materials and provides comments on their future prospects that will help stimulate the development of efficient and novel composite photocatalysts; the attained knowledge-base will boost advancements in greener photocatalytic technologies.
Emerging role of carbonaceous materials in semiconductor photocatalysis
The semiconductor photocatalyst, TiO 2 , is an important material that underpins the development of critical renewable energy and environmental technologies such as photocatalytic water/air purification, hydrogen production from water splitting, and high-efficiency/low-cost solar cells. 31 In photocatalysis, the electron/hole pairs are the photo-excited charge car-
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TiO 2 /carbon materials derived from lignocellulosic materials
Carbon materials derived from biopolymers have made considerable progress in recent years, especially in the development of molecular sieves, as photocatalyst supports and adsorbents for the storage of natural gas. 26, 34, 35 Compared to the thermal method, photocatalytic polymerization is initiated with light and is terminated upon switching off the light. Furthermore, the molecular weight and density of the polymer can be varied through the selection of monomer and irradiation conditions. Carbonization of the carefully designed polymer provides opportunities in controlling the pore size, pore volume and bulk density of the ensuing carbon, which are important characteristics in the aforementioned applications. 26, 34, 35 The composition of lignocellulose biomass is highly dependent on its source (Fig. 2 ). There is a significant variation of the lignin and (hemi)cellulose components of the lignocellulose component on whether it is derived from hardwood, softwood, or grasses, extracts, or inorganic related materials. [36] [37] [38] Starch (as well as sugars), triglycerides and lignocellulose are the typical classes of feedstocks derived from biomass and are used for the production of renewable biofuels and chemicals. Lignin, a three-dimensional network macromolecule, is electronegative and has a strong affinity for the positively charged metal ions; lignin with phenolic hydroxyl-, alcoholic hydroxyl-, and carboxylic groups can react chemically with other polymers to form hybrid composites. 39 On the other hand, cellulose, an organic polysaccharide comprising a linear chain of several hundreds to many thousands of β(1→4) links via D-glucose units, is mainly used to produce paper and paperboard. It has multiple hydroxyl groups on one long chain to form hydrogen bonds with other oxygen atoms on the neighboring chain. 40 
TiO 2 /lignin
Native unmodified lignin has been used as a template for the formation of mesoporous TiO 2 nanoparticles via a hydrolysis precipitation method exploiting the electronegativity and the network skeleton of lignin (see Fig. 3 (Fig. 3) . However, titanium atom has a relatively low electronegativity and can react rapidly in a nucleophilic reaction medium in which lignin, a polycyclic and threedimensional mesh organic macromolecule with several electronegative OH groups, should have strong affinity for the positively charged metal ions; lignin with phenolic hydroxyl, alcoholic hydroxyl, and carboxyl groups can chemically react with other polymers to form hybrid composites. Lignin obtainable from the black liquor waste of the paper-making process has great potential for the fabrication of TiO 2 particles filled with uniformly distributed nano-pores. Their synthesis entails three main steps: (1) formation of a gel by heating starch in water; (2) exchange of water with a lower surface tension solvent (e.g., ethanol) at low temperature (≈5°C); and (3) carbonization of the ensuing porous gels as-such or after drying to achieve the final mesoporous carbons (Fig. 4) . Another important feature is that these materials exhibit outstanding mesoporous textural properties, with pore volumes and sizes analogous to materials prepared via the traditional hard templating routes. The hydrophilic to hydrophobic nature of the carbonaceous product could be controlled by the degree of carbonization. Additionally, the flexible carbonization temperatures provide the possibility of tuneable surface chemistries, not accessible through hard templating (which generally needs higher temperatures, >700°C) or soft templating processes based on polymeric organic templates (which limit the available post-processing surface functionalities). This simple and gentle process can produce a whole range of mesoporous carbon-based materials, including amorphous carbon, that can serve as excellent catalysts or catalyst supports. [43] [44] [45] [46] Interestingly, carboxylic groups can be formed on the surface after initial thermal treatment at 400°C under an oxygen-deficient atmosphere ( Fig. 5a ). Then, each carboxyl group acts as an individual nucleation site for TiO 2 formation which is facilitated by hydrolysis and condensation reactions promoted via sonication. Finally, the hybrid material (TiO 2 /STARBON®) is consolidated after thermal treatment at 400°C in static air. These conditions preserve a pure and highly crystalline anatase phase (ca. 30 nm) leading to a reduction in the electron-hole recombination rate at the Starbon surface. TiO 2 is strongly anchored to the STARBON-800® structure as no leaching is observed even after 240 min of photocatalytic degradation of phenol (Fig. 5b) ; STARBON-800® enhances the photoelectron conversion of TiO 2 when compared to Norit and graphene oxide supports by reducing the recombination of photo-generated electron-hole pairs. 48 Coating TiO 2 photocatalyst on the surface of Starbon serves a dual purpose, i.e. it works as a support for nanosized TiO 2 which helps bring pollutants and intermediates around the TiO 2 . Second, the TiO 2 can effectively destroy the adsorbed pollutants thus regenerating the Starbon in situ (only 3% of the initial concentration of phenol still stayed on Starbon surface after 240 minutes of reaction in comparison with 8.7% for STARBON+P25).
TiO 2 /cellulose
Novel TiO 2 /cellulose composites with interfacial silica and siloxane barriers have been prepared. 49 Vegetable cellulosic fibers have been surface modified via the hydrolysis of tetraethoxysilane (TEOS), octyltrimethoxysilane (OTMS) or phenyltrimethoxysilane (PTMS), followed by the layer-by-layer 
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This journal is © The Royal Society of Chemistry 2016 ). They exhibited good stability against photocorrosion, implying that they could be used in the photodegradation of organic pollutants. It is worth noting that the regenerated cellulose films and fibers in the wet state possess a porous structure and the hydroxyl groups assist the creation of inorganic nanoparticles in the cellulose matrix. [53] [54] [55] [56] Marques et al. 57 examined sheets prepared using a mixture of synthetic TiO 2 /cellulose nanocomposite. The obtained composite exhibited a much higher opacity than those obtained by mechanical blending of the fibres with commercial TiO 2 pigment because of the highly homogeneous distribution of TiO 2 and higher specific surface area available for light scattering in sheets with the hybrid material. Such hybrids could be used as reinforcing fibers in a polymer matrix, particularly when light-barrier materials are sought. An interesting concept that involved the preparation of titanium dioxide nanocrystals on cellulose fibers (CF) by in situ hydrolysis has been reported; 58 TiO 2 /CF composite showed enhanced adsorption capacity, good regenerability and selectivity for lead (Pb 2+ ) removal. Moreover, the adsorption capacity of a filter bed comprising nanocomposite fibers increased 12-fold as compared to the pure cellulose fiber bed; abundant hydroxyl groups on the CF surface adsorb TiO 2+ first as nucleation sites and then TiO 2 nuclei are formed via hydrolysis-condensation which subsequently grow into TiO 2 nanocrystals. Meanwhile, the hydroxyl groups of cellulose would preferentially adsorb onto a certain crystallographic plane of TiO 2 due to anisotropy in adsorption stability. The approach described herein for material preparation and application are likely to offer an alternative versatile and greener pathway for fabricating a low cost, high efficiency engineering application as potential nanosorbents for heavy metal removal from water.
TiO 2 /chitosan
Chitosan ( poly-β-(1→4)-2-amino-2-deoxy-D-glucose), obtained by N-deacetylation (usually over 75%) of chitin, is the next most abundant natural polysaccharide after cellulose (Fig. 6 ) 59 and comprises the exoskeleton of insects and crustaceans (seafood processing industries' waste products) and cell walls of fungi. 60, 61 Chitosan contains a large number of amino (-NH 2 ) and hydroxyl (-OH) functional groups and possesses excellent adsorption ability for a wide variety of environmental pollutants such as heavy metals, 62 dyestuffs, 62 and pathogens 63 and can be easily functionalized. 64 Furthermore, chitosan exhibits antibacterial activity, film forming ability and a good drug delivery potential. 65 The amino groups of chitosan can be easily cationized which help adsorb anionic dyes strongly via electrostatic attraction in acidic media. However, chitosan is very sensitive to pH as it can either form a gel or dissolve depending on the pH values. [59] [60] [61] [62] [63] [64] [65] Additionally, chitosan has some disadvantages such as unsatisfactory mechanical properties, severe shrinkage, deformation after drying, solubility under acidic conditions, compressibility at high operating pressure and can shield and block UV radiation with degradation of textiles and leather. 59, 65, 66 Previous research 67 has
showed the efficacy of a novel methyl orange imprinted coreshell TiO 2 /chitosan hybrid material (SICT) in selective photocatalytic degradation of methyl orange in dual-dye systems (Fig. 7) . In this context, chitosan as a support for TiO 2 has following advantages: (a) easy recovery and multiple reuseability; (b) selectivity for target pollutants; (c) degradation and complete mineralization of organics; and (d) synergistic effect of the photocatalysis-adsorption processes of TiO 2 /chitosan leading to lowering of the charge carrier recombination. 68 In addition, SICT could be reused directly without further desorption and regeneration for 10 cycles while retaining 60% of its photocatalytic efficiency. The reusability of SICT would be beneficial for simplification of the operating steps and the associated cost reduction would facilitate its practical application in wastewater treatment for environmental organic pollutants. Although chitosan has shown promise as a biosorbent, the chemical stability of chitosan is unsatisfactory because the abundant free amines, with a pK a value of ∼6.5, can be protonated culminating in hydro-solubility under acidic conditions. 67,68
TiO 2 /cellulose acetate
Cellulose acetate (CA) is biodegradable, nontoxic and biocompatible and can be prepared by simple esterification of cellulose, which is abundant in agricultural waste such as straw and biomass residues. [69] [70] [71] [72] Cellulose acetate possess beneficial mechanical strength that facilitates its processing into films, membranes, and fibers from either melts or solutions.
Further, due to paucity of hydrogen bonds and its lower crystallinity, its solubility in a wide range of organic solvents like acetone, dimethylformamide (DMF), dimethylsulfoxide (DMSO) etc. is enhanced. 73 The study of a flexible mesoporous TiO 2 microspheres/cellulose acetate (TCA) hybrid film (Fig. 8a) , 74 showed that it can be easily recycled without a decrease in its activity for the degradation of methylene blue trihydrate solution (Fig. 8b) . The TCA hybrid film displays stronger adsorption and photocatalytic degradation abilities for methylene blue when compared to a cellulose acetate film under the same conditions. The TCA hybrid film with its flexible, transparent and environmentally friendly properties, can be used as a self-cleaning material thus finding suitable application in the field of wastewater treatment without leaving any photocatalyst in the reaction system. A TiO 2 /CA membrane prepared from DMF solution has a considerably better catalytic activity than the corresponding membrane obtained from acetone solution. By increasing the amount of TiO 2 in the composite, in the photocatalytic activity of the membrane was discerned until a certain value; increasing the TiO 2 content beyond that level led to lower catalytic activity. 74 
TiO 2 /bacterial cellulose
Bacterial cellulose (BC), produced by acetic acid bacteria Gluconobacter xylinum, is obtainable in a pure form which requires no intensive processing to remove undesirable impurities and contaminants such as lignin, pectin and hemicellulose. 75, 76 BC embodies several distinguished structural features and qualities such as good mechanical properties, biocompatibility, elevated tensile strength, a higher degree of polymerization (up to 8000), high crystallinity (of 70-80%), high water content (99%) and retention capability. 77, [73] [74] [75] [76] [77] [78] [79] [80] Another notable feature of BC is its high aspect ratio and abundant active functional hydroxyl groups, which make it suitable for combination with assorted nanostructures via its powerful interaction with surrounding species, such as inorganic and polymeric nanoparticles and nanowires. 81 The photocatalytic mesoporous TiO 2 /BC hybrid nanofibers have been fabricated by surface hydrolysis with molecular precision; 82 uniform and 
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This journal is © The Royal Society of Chemistry 2016 hydroxyl groups on the surface of the BC fibers provoke H-bonding interactions with the hydrophilic inorganic TiO 2 sol-gel network. TiO 2 nanoparticles respond to the applied voltage (−3, 0 and 3 V) of the electrostatic force microscopy (EFM) tip as the strong electrostatic dipole-dipole interactions are generated by hydrogen bonding connections between the hydroxyl groups in the cellulose and their counterparts in the inorganic oxide, thus eliciting a high electric dipole moment of TiO 2 nanoparticles in the TiO 2 /BC hybrid fibers.
TiO 2 /wood
Wood is a natural, sustainable and abundant biopolymeric material comprised of cellulose, hemicellulose, and lignin. Wood's natural hierarchical structure is composed of welloriented microfibers and tracheids for water, ions, and oxygen transportation during metabolism; more importantly, multiscale natural fibers from wood have unique optical properties applicable to different kinds of optoelectronics and photonic devices. 86, 87 However, in view of its hygroscopic and organic nature, wood is sensitive to humidity variations and fire, which can lead to dimensional and thermal instability. Wood also features numerous hydroxyl groups that confer a hydrophilic nature on the cell wall which traps the polymeric Ti-OH inside the wood samples by interaction with wood hydroxyl. 86 The preparation of TiO 2 /wood under mild ultrasonic conditions (i.e., relatively low sonication intensity and low temperature) for a short period of time is presented in Fig. 10 ; 87 ultrasound provides a good distribution of TiO 2 throughout the wood matrix wherein these gels are deposited in the lumen by adhesion to cell walls. Consequently, the cell wall components are obstructed from access to oxygen and complete combustion is delayed, thus enhancing the thermal stability of the wood. 91 that serves the dual purpose of wood impregnation and covering the porous inner and outer surface of wood with rutile particles as discerned by ATR-FTIR and Raman subtraction spectra; the presence of titania particles on the hydrothermally treated wood surface exhibited vibrational bands of TiO 2 -wood interphase interactions confirming the anchoring sites of titanium ions on hemicellulose, cellulose and lignin. 92 
TiO 2 /carbon materials derived from agricultural residues
Numerous carbon sources such as biochar, activated carbon, bamboo or wood charcoal, carbon waste and even fly ash from coal-fired power plants can be utilized, as shown below. 
TiO 2 /biochar
Biochar has been considered as a potential surrogate for activated carbon and is produced by thermal decomposition (e.g., slow pyrolysis, fast pyrolysis, hydrothermal carbonization (HTC), flash carbonization, torrefaction and gasification) [93] [94] [95] of a wide range of carbon-rich biomass materials that includes woody materials, agricultural residues such as sugarcane bagasse, 96 livestock manure, 97 and remnants after moderate temperature (e.g., 350-700°C) pyrolysis and carbonification of biomass in a reactor with little or no available air. [98] [99] [100] [101] [102] Non-activated biochar, i.e., biochar that has not undergone any physical, chemical or biological modifications to improve its sorptive properties, can also be used as a precursor material for the production of activated carbon (Fig. 11 ). An important advantage of biochar over more conventional activated carbon is the presence of abundant surface functional groups (e.g. C-O, CvO, COOH, and OH, among others). Additionally, these groups show interesting catalytic properties due to the presence of O-, N-, and S-type functional groups, which serve as a platform for the synthesis of various functionalized carbon materials; [103] [104] [105] products, yields and characteristics of carbons derived from varied thermochemical conversion processes are illustrated in . Surprisingly, the obtained composite showed a much higher adsorption of SMX than the commercial TiO 2 powder due to the hydrophobic interaction (carbon π-π interaction) between the biochar and SMX. It should be pointed out that photocatalytic oxidation of SMX using TiO 2 / biochar under the selected catalyst loading and irradiation time (5 g L −1 of TiO 2 /biochar, 6 h, pH 4) resulted in the highest removal and mineralization (91%, 81%, respectively) of SMX with negligible toxicity and accumulation of non-toxic products in water; three cycles of photocatalytic reactions using the same recycled catalyst resulted in the efficient removal of SMX (91%) confirming the high stability of the biochar-supported TiO 2 photocatalyst. An ecofriendly heterogeneous photocatalysis on biochar-based materials for methylene blue (MB) photodegradation under visible light (metal halide lamp) has been reported 112 wherein C-based materials induce enhancements in the photocatalytic environmental remediation of polluted water ( phenol, halophenols, herbicides, dyes, azo-dyes, among others) and air (toluene, 2-propanol, among others); visible light-induced hydrogen photoproduction under solar irradiation is yet another outstanding example of photocatalytic energy storage by carbonsupported materials. water bamboo leaves, 132 and bituminous coal, 133 and can be used as a support for TiO 2 . Furthermore, activated carbon adsorbs pollutants and then releases them onto the surface of TiO 2 thus delivering a higher concentration of pollutants around the TiO 2 than that available in the bulk solution culminating in an enhanced degradation rate of the pollutants; intermediates produced during degradation can also be adsorbed by AC which can then undergo further oxidation. 113 Nevertheless, the adsorption could generally enhance the photocatalytic rate but when the adsorption rate is much faster than the pollutant (e.g. methyl orange molecule) transfer rate, the photocatalytic kinetics are determined by the reaction rate on the TiO 2 surface. 134 Activated carbon has a well-developed pore structure with very large surface area and adsorption capacity and, consequently, possess a large number of active adsorption sites where organic molecules can be adsorbed before being transferred to the decomposition center of TiO 2 ; 113 oxidizing species ( • OH) generated by the photocatalyst do not have to migrate very far from the active centers of the TiO 2 and degradation occurs on the catalyst surface. Using AC as a photocatalyst support conveys the pollutant molecules in close proximity to the titania active site (to come in contact with the hydroxyl radicals) for an efficient and effective photodegradation process (synergistic effect). AC can also function as a titania photosensitizer by injecting electrons into the conduction band of titania and triggering the photocatalytic formation of very reactive • OH radicals which are responsible for the degradation of the dyes (e.g. Basic Red 18 and Basic Red 46). 130 In most cases, formate, acetate and oxalate have been detected as vital aliphatic carboxylic acid intermediates during the degradation of dyes. It is important to note that the initial formation of oxalate can increase with the illumination time, and then drop sharply. Furthermore, carboxylic acids can react directly with holes generating CO 2 according to the "photoKolbe" reaction:
In addition, photocatalytic mineralization of dyes implies the appearance of inorganic products, mainly anions, since heteroatoms are generally converted into anions at their highest oxidation state. On the other hand, TiO 2 has low selectivity because intermediate products of the photooxidation of aromatic molecules are commonly photomineralized. 135 In terms of the improvement of the photocatalytic properties of TiO 2 , Matos et al. 122 investigated the changes of surface chemistry of the TiO 2 /activated carbon during gasification and pyrolysis. It has been found that the interaction between TiO 2 and AC promotes higher concentrations of O 2
•− and HO
• 2 radicals which induce remarkable changes in the selectivity of products. In addition, the synergistic effect could be attributed not only to a proper surface area but also to the presence of a low surface concentration of acidic oxygenated functionalities, particularly carboxylic groups. However, the surface carboxyl anions (-COO − ) are stabilized by transfer of electrons to the aromatic ring of graphene layers in activated carbon. Consequently, after dissociation in the aqueous phase, carboxylic acid (e.g. acetic acid) functional groups on the AC surface coordinate with the Ti 4+ metallic center of TiO 2 .
Alternatively, this interaction could inhibit the recombination of photogenerated species in the semiconductor (e − , h + ) thus forming a higher concentration of hydroxyl radical (
• OH) and superoxide anion radical (O 2
•−
). The influence of the O 2
•− anion radical is very important because the higher the concentration of O 2 •− , the higher is the production of HO MTP mineralization (i.e. conversion into CO 2 ) rate is highly depended on the anatase content of the catalyst. This photocatalyst was easily separable due to its magnetic properties, and its reusability and stability was successfully demonstrated in a series of 10 consecutive photocatalytic ozonation runs.
TiO 2 /bamboo or wood charcoal
Bamboo is one of the most important non-timber forest products in the world and possesses high flexibility, high intensity, low weight, a fast growth rate and low purchasing costs. It has been extensively applied in a variety of daily applications such as indoor decoration, handicrafts, flooring construction, furniture, bamboo boats, and so forth. 146, 147 However, bamboo is vulnerable to attack by fungi and termites on account of its inherent hygroscopicity and therefore, prone to lose its dimensional stability. 148 When exposed to an outdoor environment, unprotected bamboo shows bad decay resistance and is susceptible to attacks by fungi and insects, and degradation by moisture, air, acid rain, and sunlight thus shortening its service life and value. 149, 150 The term charcoal generally refers to the carbonaceous residue of wood, cellulose, bamboo, coconut shells or various industrial wastes left behind after incomplete combustion of organic matter in the absence of oxygen; 151 usually it consists of carbon atoms, heteroatoms (mainly hydrogen and oxygen) and mineral matter (usually given as ash content). Wood charcoal is cheaper than AC because it doesn't need an activation process and has often been used for phenol adsorption. 152 The basic feature of wood charcoal is a highly aromatic matrix formed from layers of polycyclic aromatic rings bearing a content of organic carbon (53%) with a high C/N ratio; it can selectively adsorb hydrophobic rather than polar pollutants due to its non-polar nature. 153 157 immobilized TiO 2 on carbon emanating from residues of the plant Manihot, and this ensuing composite eliminated nearly 100% of the dye upon UV irradiation under optimal conditions; a similar investigation has been reported using carbon from Manihot dulcis waste, 158 and the TiO 2 /carbon composite decomposed ∼50% of carminic acid under various conditions. Interestingly, the adsorption is reversible, and the dye can be partially recovered by desorption, which can be advantageous in the case of artisanal carpeting effluents.
TiO 2 /coal fly ash
Fly ash from coal, oil and biomass combustion are major contributors to the solid waste which is currently discarded in landfills or dumped at sea. 159 Coal fly ash (CFA) is a valuable and desirable additive to cement concrete because of its spherical shape and pozzolanic properties. 160, 161 In other domains, coal fly ash is considered as a forerunner for several applications in adsorption, [162] [163] [164] seriously restricts the activity of the photocatalyst and substrate availability. TiO 2 immobilized on the surface of CFA, the TiO 2 /CFA composite, separates without difficulty from the treated wastewater by precipitation under quiescent conditions. 179 Since CFA particles are easy to precipitate in water because of their larger size and heavier weight compared to TiO 2 particles, the separation and recovery of the catalyst from water is facilitated when TiO 2 is immobilized on CFA. Therefore, TiO 2 /CFA may be a promising material for applications in the removal of organic pollutants from water in the future. 184 ) exhibited very high photocatalytic activity due to the synergistic effect of biomaterial association and the TiO 2 photocatalyst. Basically, nature-based biomaterials like fish scales are frequently used as adsorbents in biosorption processes due to their high binding capacities. 185 The uptake abilities of scales from different fish species should be similar because most fish scales contain significant portions of organic protein (collagen), and the structure of collagen contains alluring functional groups, such as phosphate, carboxyl, amine and amide, that are implicated in the biosorption process. 186 
Future prospects
This critical review summarizes most of the recent efforts on the syntheses and applications of TiO 2 /carbon materials derived from renewable resources that, until a few years ago, were used as unique hybrid heterostructured photocatalysts for environmental remediation. TiO 2 /carbon functional materials, with well-designed physical and chemical properties, will not only bring many favourable features to advanced oxidation processes but will provide a model system for investigating and understanding the dependence of photocatalytic performance on materials composition and structure at various scales, including fundamental studies on reaction mechanism and kinetics. Such an attained knowledge base, in turn, will greatly stimulate the better design of highly efficient hybrid photocatalysts. There are optimistic future expectations for the TiO 2 /carbon materials derived from renewable resources in the field of photocatalysis and related fields of science. However, there are still a number of aspects that need to be addressed related to the rational and optimal design of materials; understanding of interphase interactions, especially under solar light conditions; novel energy-efficient processes; feedstock and production costs; issues related to carbon leaching from hybrid photocatalysts; and environmental impact concerns, to name a few. Despite much progress in photocatalysis, research on optimizing the properties of these photocatalysts is still in its infancy, as considerable challenges exist in terms of improving accurate structure-property relationships which need to be attended. Parallel to these advances, other allied applications for a greener and sustainable future are expected, namely in photodetectors, hybrid organic-inorganic solar cells, self-cleaning materials, air purification filters, photocorrosion-resistant materials, energy storage, CO 2 reduction, selective organic transformations and water splitting for hydrogen generation. Developments in these associated fields may unveil their enhanced understanding thus harnessing the power of these fascinating nanostructured materials.
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